Background Technology-supported therapy can contribute to the rehabilitation of distinctive upper-extremity symptoms resulting from stroke as neurons have the ability to reorganize. The robotic ball "Sphero 2.0", an innovative therapeutic exergaming tool, was found to be suitable and hence used in neurorehabilitation for the first time.
Introduction
Over 85 % of patients with stroke experience upper extremity hemiparesis after the cerebrovascular accident (CVA) and the associated impairment or complete loss of function has a dramatic impact on their lives [1] . Apart from motor function, their mental and social wellbeing may also be affected [2] , for example due to limitations in performing activities of daily living. Characteristically, patients suffer from reduced range of motion and impaired control of muscle activity [3] . So far, available treatment approaches have aimed at compensating for existing impairments and at restoring compromised abilities and skills. Here, the recovery of motor skills required for managing everyday task is a key priority [4, 5] . In recent years, a paradigm shift from traditional treatment methods to new approaches to rehabilitation has occurred, driven by neuroscientific insights into neuroplasticity [6, 7] . The S2 guideline on upper-extremity motor rehabilitation after stroke of the German Society of Neurorehabilitation (Deutsche Gesellschaft für Neurorehabilitation, DGNR) has provided recommendations and information about established treatment methods [8] . Theoretically, dynamic neural network reorganization can be triggered by any ex-OriginalArticle A Robotic Ball for Upper-Extremity Training in Stroke Patients: A New Approach in Neurorehabilitation ercise therapy intervention [4] . The plasticity of the brain was already described by Hebb [9] . Today, it is generally assumed that neural connections and cortical areas, representing various cerebral functions, undergo constant remodeling. Rehabilitation plays a key role in enhancing the ability of the brain to compensate for damage caused by e. g., cerebrovascular events [10] . Exercise, among other factors, can activate the affected cortical areas [11] . Cortical reorganization after stroke has already been demonstrated in humans [12, 13] . Outcome assessments after motor rehabilitation should always take into account the idiosyncrasy of brain function and the pathogenesis of the cerebrovascular event in the individual patient [14] .
Furthermore, new treatment approaches exploiting technological advances have emerged. These applications benefit from the ongoing trend towards smaller sensors and are often wirelessly attached to the user or to objects. Besides describing the variety of existing approaches, various reviews have provided specific examples of how virtual reality developments have been translated into clinical treatment methods for neurorehabilitation [15] [16] [17] [18] [19] [20] [21] . Exergaming is the term used to describe a targeted and game-based physical activity program incorporating new (entertainment) media. Furthermore, telemedicine approaches, including specific applications for stroke patients, have extended the range of rehabilitation treatment options [22] [23] [24] . Frequently, treatment content is realized as a game, drawing on concepts of "serious gaming" [25] [26] [27] [28] . Besides the use of smartphones [29] [30] [31] [32] , entertainment industry hardware components, such as the Nintendo Wii game console [33] and the Microsoft Kinect camera [34, 35] continue to gain wider acceptance in rehabilitation. The predictability and reproducibility of physiological loading along with exergaming content has been demonstrated. Thus, it is possible to steer training in the controlled manner required in rehabilitation [36] . In the above-mentioned application examples, movement data as well as hardware and software components are combined to present new, often game-like treatment content. Yet, it appears that no single approach is superior to the others. Overall, the positive influence of these new approaches in the neurorehabilitation of stroke patients appears promising [37] .
In our quest for further innovative components with the potential to be useful in neurorehabilitation after stroke, we evaluated the Sphero 2.0 robotic ball (▶Fig. 1) as an adjuvant therapy complementing conventional treatment strategies. A variety of gamelike apps is available where the ball is either rolling on the floor or is held in the hand. Movement information from the smartphone is translated into ball movements, while movement information from the ball is transmitted to the app. The viability of a game-like therapy concept to train hand and arm function in stroke rehabilitation has recently been demonstrated in an initial feasibility study [38] .
Objective
Having demonstrated the feasibility of the use of the robotic ball for neurorehabilitation in stroke patients, our aim was to evaluate the treatment concept in a training program of several weeks' duration and verify potential effects on the upper extremity. Here, the direct feedback of the patients from their everyday lives and the training sessions was also included. In addition, the patients' view on the suitability of the robotic balls in terms of technical perfor-mance was evaluated. These insights are to be used to further optimize the concept.
Methods

Hardware and software
Training was performed with the Sphero 2.0 robotic ball, a smartphone (Android 5.1) and a tablet (iOS 10.1). Originally designed as a gaming and educational tool, the robotic ball (▶ Fig. 1 ) has a diameter of 7.4 cm. The interior of the polycarbonate casing houses an electric motor and inertial sensors, among other components. The ball is connected to a tablet or smartphone via Bluetooth. Further technical details and information about how the robotic ball functions as well as existing applications have been described in the pilot study [38] .
Sample
After written information and informed consent discussion, 12 stroke patients with impaired hand and arm function volunteered to participate in this study. (▶ Table 1 ) The subjects had the right to discontinue participation at any time without giving a reason. Most patients (n = 11) were in the chronic phase of stroke ( > 6 months after CVA) and one case in the early rehabilitation phase ( < 3 months after CVA) (duration of phases according to [39] ). Both ischemic and hemorrhagic strokes were included. All participants were right-handed. After completion of acute-care interventions, all patients received physiotherapy and occupational therapy and some received speech therapy. Patients participated in one physiotherapy and one occupational therapy session per week (duration usually 30-60 min each). The standard treatment methods used were in line with the recommendations of the DGNR S2 guideline on upper-extremity motor rehabilitation after stroke [8] and included classical physiotherapy strategies, such as physiotherapy for CNS disorders (Bobath, Vojta, PNF), and neuromuscular electrical stimulation (NMES). In addition, mobilizing exercises with heat application (Fango mud packs, ultrasound, hot towel), classic massage or manual therapy and lymphatic drainage for edema were performed. Occupational therapy included motor/functional, sensomotor/perceptive, psychological/functional and neuropsychological treatment components.
When tested using the Montreal Cognitive Assessment instrument, 10 participants achieved results within the normal range ( ≥ 26 points). Two patients had cognitive impairments at the start of the intervention. The TA-EG technical affinity questionnaire revealed in some cases considerable differences with regard to technical affinity and technical proficiency. Affinity and proficiency in the handling of technical devices was rated from very strong (score 16-18) to very little (score 4-8) (▶Table 2).
Testing methods
During the baseline examination before and the final examination after completion of the intervention program, various tests were performed (▶Table 3).
Training program design
The training program included 24 training sessions spread over a period of 12 weeks (two sessions per week, 45 min each). The sessions were arranged to take place before or after the prescribed oc-cupational therapy and physiotherapy sessions, either in an outpatient rehabilitation center or during a home visit. The training with the robotic ball complemented the occupational therapy and physiotherapy programs.
Training content
During the training session, the two apps "Sphero" and "Chromo" were used. Achieving the objective of the game requires movements of the upper extremities, especially of the hand. With the Sphero app, the robotic ball is remotely controlled via movements of the smartphone. Movements of the hand are translated in real time into movements of the robotic ball (for example, palmar flexion corresponds to forward driving). Besides movements from the wrist, patients use their elbow and shoulder joints. Sweeping multi-joint movements are intentionally allowed to ensure that the complete hand-arm-shoulder chain is actively involved in the game.
By contrast, the Chromo game focusses on hand function. The robotic ball is held in the hand, repeatedly regrasped and turned in all directions. The movement data from the robotic ball are visualized as a dot on the display of the tablet. The task is to move this dot to the indicated color of a color ring. Apart from the challenge ▶Table 1 Anthropometry of the sample and stroke characteristics.
Gender
Age System Usability Scale Questionnaire designed to assess the suitability of the robotic ball from the user perspective [44] [45] TA-EG Questionnaire designed to asses technology affinity -attitude towards and handling of electronic devices [46] to move the hand into various directions, the game involves grasping and holding the robotic ball (▶ Fig. 3) . In many exercise varieties, the skill of grasping objects and interacting with them, which plays an important role in everyday life, can be trained. Using simple aids, such as cones, boxes of various sizes, cushions and bowls, a variety of training tasks can be performed on the basis of these two games.
The development of the treatment concepts was based on the well-documented potential of constrained-induced movement therapy (CIMT) [1, [40] [41] [42] [43] [44] [45] . In the DGNR guideline, both the evidence base for and the effects of CIMT were rated as strong. Especially patients with residual hand and arm function can apply these treatment methods in everyday life [8] . Furthermore, the robotic-ball treatment concept is based on the principle of impairment-oriented training which is focused on training aspects of hand and arm motor function relevant for everyday activities. In the same guideline, the evidence for moderate effects is also rated as strong [8] . Basically, the affected upper extremity is to be used with the robotic ball in all its functional aspects to promote its spontaneous use, especially in daily life situations.
The study was reviewed and approved by the local ethics committee (VS-129-HS) and conducted according to the principles of the Declaration of Helsinki.
Inferential and descriptive statistical analysis
For statistical analysis, the IBM SPSS Statistics 24 software was used. The Wilcoxon test and the sign test were performed for prepost comparison of the data (α = 5 %). Cohen's effect size [46] was calculated to allow comparison of the results. Moreover, the root-mean-square error (RMSE) was calculated to be able to include the minimum effect for the underlying sample in the interpretation, based on the variability of the data. 
Discussion
Technical devices, partly originating from the consumer electronics industry (Nintendo Wii, Microsoft Kinect) are increasingly used in medical rehabilitation. Especially for new approaches, the efficacy and acceptance should be assessed. Thus, it was the aim of this study to evaluate the treatment concept of using the Sphero 2.0 robotic ball for motor rehabilitation in patients after stroke who were followed over a period of several weeks in an everyday therapeutic setting and assessed regarding potential motor benefits.
Usability
In two cases, it was not possible to continue the therapy because of severe upper extremity impairments. Since the residual function of hand and arm was insufficient even with assistance by the unaffected side of the body, these patients were unable to hold or control the robotic ball. However, the most severely affected patient (subject 1) (▶Table 4) was still capable of moving the robotic ball with the support of the healthy side. Despite mild afferent dysfunction of the hand which was associated with hypoesthesia or paresthesia, the treatment program was fully implemented. Furthermore, 3 patients suffered from Broca's aphasia, but this also did not interfere with the treatment program. Clear understandable exercise instructions in combination with practical demonstrations ensured that patients fully understood the task. In addition, there were further differences with regard to the technique and duration of grasping and holding the robotic ball. Therefore, it was necessary to adapt the training program to the heterogeneous perfor-▶Fig. 2 A patient controlling the robotic ball using the "Sphero" app. FM %, percentage in relation to the non-affected side at the time of final measurement mance capacities and needs of the patients. It was possible to vary the level of difficulty, e. g. rolling speed of the ball, type of obstacle and type of grasping, to ensure that the challenge was always matching the patient's abilities. Furthermore, the playing area and the target could be made larger or smaller, as required, and the duration of breaks could be tailored to the individual needs of the patients. Thus, creative and variable implementation of training content was successfully realized; this should be regarded as a chance to apply different realizations of various levels of difficulty while using the same hardware and software. The instantly noticeable feedback while playing with robotic ball enhanced patient motivation. Improvements in movement quality were immediately apparent, as patient were then capable of e. g. successfully reaching the goal of the game. This led to considerable willingness to carry on with the training program as patients wanted to "get better". Even if it required great effort, patients were fully committed and consistently participated in the training program which they enjoyed very much.
Motor function capacity
After completion of the training program, significant changes in motor function of the affected upper extremity were noted for all studied motor parameters; the effect size ranged from small to very large (d = 0.44-1.12). Remarkably, motor function could be improved even in the chronic phase of stroke. The level of function at baseline and the time that had passed since the CVA had no measurable impact on potential treatment effects in our sample: Assessment of individual cases (▶Table 4) showed that patients with severely impaired function relative to the healthy side (e. g. subject 2, 7 und 9) achieved noticeable effects of similar size compared with the less severely affected patients (e. g. subjects 4 and 6). However, in patients with initially very high (subjects 5 and 10) or low levels (subject 1) of grip strength or in the round block test, the minimum effect was not always reached (▶ Fig. 1, 2) . In line with this finding, the subjects 5 and 10 had the lowest and subject 1 the highest level of self-reported disability (▶Table 4) and achieved no clinically relevant improvement in the QuickDASH scores (▶Fig. 3). Thus, the therapy appears to be more effective in patients with moderate impairments (e. g. subjects 2, 3, 8, and 9). In many cases, the minimum effect was reached in all tests ( ▶Fig. 1-3) .
The mean difference in grip strength was 4.7 ± 3.1 kg (d = 0.51) (▶ Fig. 4) . Some patients (subjects 4 and 6) reached the strength levels of the healthy extremities (▶ Table 4 ). The difference achieved exceeds the effects observed in other studies [48, 49] which, however, used different equipment (the Nintendo Wii or Microsoft Kinect) and thus applied other training content (VR or video games). In addition, the severity of the symptoms of the individual patient has to be taken into account when comparing the samples. In general, the effects of the robotic ball training were comparable with those achieved with other treatment methods originating from the entertainment industry. For example, Sony Playstation 2 has also been presented as a suitable platform to achieve gait and balance improvements in stroke patients [50] . Likewise, a therapy using the Microsoft Xbox game console achieved significant improvements in upper-extremity function when applied in addition to standard therapy [51] . In the context of neurorehabilitation after stroke, controlling digital game content with movements appears to have great potential and may be realized not only with already familiar devices [52] . In stroke patients, this has been shown for Nintendo Wii and existing games (Wii Sports) [49] . The tablet may be another suitable device to show and play games. Various types of game content can improve accuracy and speed of hand and finger movements [53, 54] . Likewise, VR headset may be a modern aid to be used for training with therapeutic games in a virtual reality environment [55] . The results of studies evaluating robotic ball therapy and other concepts based on game-like movement control suggest that existing therapy concepts for stroke patients can be complemented by new types of content using various hardware components.
▶Fig. 4 Results regarding the isometric grip strength. ▶Fig. 3 A patient rotating the robotic ball using the "Chromo" app.
In general, the effects of the robotic ball training were comparable with those achieved with other treatment methods originating from the entertainment industry. For example, Sony Playstation 2 has also been presented as a suitable platform to achieve gait and balance improvements in stroke patients [50] . Likewise, a therapy using the Microsoft Xbox game console achieved significant improvements in upper-extremity function when applied in addition to standard therapy [51] . In the context of neurorehabilitation after stroke, controlling digital game content with movements appears to have great potential and may be realized not only with already familiar devices [52] . In stroke patients, this has been shown for Nintendo Wii and existing games (Wii Sports) [49] . The tablet may be another suitable device to show and play games. Various types of game content can improve accuracy and speed of hand and finger movements [53, 54] . Likewise, VR headset may be a modern aid to be used for training with therapeutic games in a virtual reality environment [55] . The results of studies evaluating robotic ball therapy and other concepts based on game-like movement control suggest that existing therapy concepts for stroke patients can be complemented by new types of content using various hardware components.
The increased active use of the affected hand during training and potentially when performing daily activities improved unilateral dexterity by 6.8 ± 3.7 points on average (d = 0.44) (▶Fig. 5). In addition, some patients reported a "relaxed", "easy" feeling in forearm and hand/fingers. This sensation was perceived by patients either during the training session as a direct result of the movements or during or after the intervention in daily-life situations. Furthermore, patients reported a positive effect on accompanying symp-toms, such as ataxia and numbness of fingers. In addition, therapists treating these stroke patients observed in some cases improvements in somatosensory function and proprioception, occurring after about half of the training sessions. In other cases, the exercise triggered cramping of hand or fingers. Therefore, planning should allow time for sufficient breaks. In addition, patients reported other changes with regard to their ability to perform activities of daily living which they had observed since the start of the training with the robotic ball. Improved control of and strength in the affected hand enabled them to perform certain activities, such as eating with cutlery, typing on a computer keyboard and carrying dishes. They also reported that the affected half of the body was slower to fatigue and significantly more tolerant to exercise (e. g. with gardening) compared with the healthy side. It is assumed that these positive experiences during robotic-ball training and activities of daily living explain the improved self-reported disability score (mean difference: 18.0 ± 13.6; d = − 1.12) (▶ Fig. 6 ).
It should be noted that several patients felt once again motivated to consciously use the affected half of the body more frequently in their daily routine. The above mentioned sense of achievement and the realization of the need to actively use the affected side of the body in daily life and during training contributed to this rise in motivation. They then hung out the laundry using both hands instead of just the unaffected hand. Dishes were again carried and put away with two hands. Bread was cut with the affected hand, too. Although the movements in the above examples took more time and effort, some patients rediscovered the additional benefit resulting from actively using the affected upper extremity. This applies in particular to moderately affected patients who essentially ▶Fig. 5 Results regarding the unilateral dexterity.
▶Fig. 6 Results regarding the self-reported disability.
had the motor abilities to perform such tasks. However, this study did not assess patient behavior in daily life. The above information is based on numerous discussions with patients during training sessions. The patients participating in our study welcomed the addition of a new treatment method to the known therapy content in the form of the robotic ball, a medium they had not trained with before. The motivating content realized with the robotic ball may represent an important step towards improved treatment adherence and activation of the affected half of the body, also during everyday activities.
Other factors may have influenced these results und a critical evaluation of these findings should take theses into account. All patients reported about increased sensitivity to ambient temperature and weather conditions. Hand and finger function was to some extent impaired on cold, wet days. Probably, it could have been of value if fitness-on-the-day data had been collected at the days of examination. Furthermore, the therapist plays an important role by communicating and creatively adapting the content so that patients enjoy participating in the training session. The therapy with the robotic ball supplemented the everyday therapeutic regimen. It was not possible to rule out that the outcomes achieved were influenced by the standard therapy. Presently, no control group data are available for comparison.
Technical suitability of the Sphero 2.0
The positive perception of the robotic ball and its reliability contributed to the excellent [56] rating (SUS score 92.25 ± 2.5) the device received from the patients (▶Table 4). The robotic ball attracted better ratings compared with other technology-based solutions designed for the therapy of stroke patients. A "mixed-reality" concept was evaluated with an SUS score of 79.1 ± 7.5 [48] , a dynamic orthosis for controlling video games with 69 ± 17 [57] . Patients with moderate cognitive impairments were also able to understand the games and the concept of how to control the robotic ball. With increasing cognitive deficits, more intensive support was required during therapy sessions. Older patients without previous technical experience (▶Table 2) had no problem to understand and execute the training content. A lack of technical affinity and proficiency (▶Table 2) was no barrier to enjoying the training with the robotic ball.
Some patients underwent the training at home. Here, the robotic ball's design as a plug & play solution, which sets it apart from other therapeutic devices, proved to be very helpful: Training can immediately be started after a fast and easy set-up, requiring, for example, no attachment of sensors [58, 59] , no connection of cables [60] and no positioning of cameras [48, 51, 61, 62] . The time and effort required for set-up is comparable with other tablet-based games used for the therapy of stroke patients [53, 63] .
It is conceivable that following adequate risk assessment an independent training program could be organized. This is in contrast to existing approaches which at times require intensive support or are not commercially available [57, 62, [64] [65] [66] . Presumably, this therapeutic concept could also be used to treat other conditions affecting the upper extremities, such as Parkinson's disease, orthopedic disorders, multiple sclerosis, and disorders of the peripheral nervous system. After confirmation of the findings from this study in a larger sample, e. g. in a clinical trial with crossover design, this treatment concept could be introduced in both outpatient and inpatient rehabilitation programs and be also integrated in the patients' daily routine.
Conclusion and Prospect 1. The realization of the robotic ball therapy concept in a 12-week treatment program with 24 training sessions held on 2 days per week resulted in relevant functional improvements of the affected upper extremities. The outcomes achieved with the robotic-ball training in patients in various phases of stroke were promising, especially in cases with moderate impairments. 2. The therapeutic concept proved to be very motivating and entertaining for patients. In several patients, the motor function benefit could be applied to certain activities of daily living. 3. To determine the additional benefit to be expected from robotic-ball therapy compared with classical therapies alone, the next step will be to verify the results of this study a cross-over trial involving additional patients.
